We propose an ultrasmall plasmonic cavity index sensor based on double metal disks, in which a plasmonic mode with a wavelength ð 0 Þ of 1550 nm can be confined. By carefully reducing the radius (R) and gap thickness (t), the cavity can be reduced to a size of R ¼ 744 nm and t ¼ 20 nm, achieving a deep subwavelength-scale sensing volume of 0.0093 3 0 , while keeping the same wavelength. The figure of merit of the index sensor has a maximum value of 80 with a high sensitivity (1160 nm per refractive index unit) and narrow linewidth (14.8 nm).
Introduction
Optical cavities can enhance light-matter interactions due to their high quality factor (Q) and strong light confinement within a small volume, leading to a broad range of applications including cavity quantum electrodynamics (CQED) [1] , nonlinear optics [2] , and biochemical sensing [3] - [9] . Biochemical sensors, in particular, require the ability to measure minute changes in refractive index of an analyte. For resonant-type index sensors, which estimate the index change ðÁnÞ by measuring the induced wavelength shift ðÁÞ, high sensitivity ðS ¼ Á=ÁnÞ and narrow resonance linewidth are key parameters for sensitive index sensors [3] . Recently, dielectric microcavities with high Q factors (indicating sharp resonance) such as the photonic crystal (PhC) cavities have been demonstrated as index sensors [4] - [6] . However, because the electric fields in typical PhC cavities are placed in both the high-index dielectric material and the background material to be analyzed, sensitivity is limited by the amount of the energy ratio in the background material. Very recently, air slot-type PhC cavities have been reported to have high sensitivity [5] , [6] , but intrinsic field concentration in high-index dielectrics is unavoidable. In contrast to such dielectric cavities, surfaceplasmon-polariton (SPP) cavities [10] locate most of the energy in the background material outside the metal, also resulting in high sensitivity devices [7] - [9] . In addition to high sensitivity and narrow linewidth, the miniaturization of refractive index sensors is required to realize compact photonic integrated lab-on-a-chip devices with dense multifunctionalized sensing spots because of the need for small sizes and the ability to measure very small amounts of analyte [6] . However, reduction of the sensing volume in plasmonic index sensors has not yet been studied extensively.
In this paper, we theoretically propose an ultrasmall plasmonic cavity made by separating two metal disks with a nanoscaled gap. The cavity, which confines a plasmonic whispering gallery mode (WGM) with a wavelength of 1550 nm within the gap layer, could be miniaturized by simultaneously reducing the radius (R) and gap thickness (t) [11] , showing deep subwavelength-scale sensing volumes with the same resonant wavelength. By investigating Q factors, sensitivity, and figure of merit (FOM) numerically, we were able to optimize the FOM of the plasmonic cavity; thus, high S, Q, and FOM values of 1160 nm, 105, and 80, respectively, were achieved for the cavity with R ¼ 744 nm and t ¼ 20 nm, a sensing volume of 1/100th of the cube of the free space wavelength.
Proposed Plasmonic Disk Cavity
We propose a plasmonic cavity consisting of two metal disks with radii of R, separated by a gap of thickness t, as shown in Fig. 1(a) . Silver is chosen as the metal because of its low ohmic loss; the background material is assumed to be water, the most common analyte in chemical analysis. In order to investigate the response of the cavity mode to changes in environment, the plasmonic mode excited in the cavity is calculated using the homemade 3-D finite-difference time-domain (FDTD) method. The silver is modeled with the Drude model:
The background dielectric constant " 1 , the plasma frequency ! p , and the collision frequency at room temperature are set to 3.1, 1:4 Â 10 16 s À1 , and 3:1 Â 10 13 s À1 , respectively, which are all determined by the experimentally measured dielectric function of silver [12] , [13] . The refractive index of the water is set to 1.319, the value at 1550-nm telecommunications wavelength. The thickness of each silver disk is 200 nm, chosen because it is sufficiently thick to avoid SPP excitation at the outer disk surfaces.
In the cavity with ðR; tÞ ¼ ð1058 nm; 100 nmÞ, transverse-magnetic (TM)-like WGM with a wavelength of 1550 nm can be excited, as shown in the electric-field intensity mode profiles in Fig. 1(b) and (c) [11] . Because the 100-nm gap distance is much smaller than half of the wavelength in the water, =2n ¼ 588 nm, the transverse-electric (TE)-like WGM cannot be allowed in this subwavelength disk cavity. However, because the z-directional electric-field component of the TMlike WGM is dominant and the direction is normal to the surface of the silver disk, the TM-like WGM can be observed as the plasmonic cavity mode. Even though there is no physical boundary in the gap sandwiched between two silver disks, it is interesting to know that the plasmonic WGM is well confined in the gap region, defined by radius of R and thickness of t, as light confinements in the conventional dielectric disk cavities. Although there is no index difference between the inside and outside gap regions, the cavity mode is horizontally confined by the total internal reflection (TIR) due to the high effective index of metal-insulator-metal (MIM) plasmonic waveguide mode, where the strong coupling between SPPs excited at the two metal surfaces sandwiching the gap occurs [14] . As the electric field of this plasmonic cavity mode is largely overlapped with background materials, it is expected that optical properties such as resonant wavelengths would be very sensitive. In this paper, all discussions are based on the plasmonic WGM, shown in Fig. 1 .
In order to investigate the effect of the background material on the cavity mode, the resonant spectrum is calculated for the cavity with ðR; tÞ ¼ ð1058 nm; 100 nmÞ as the refractive index of the liquid changes from 1.219 to 1.419 in Fig. 2 . When the refractive index is 1.319, the resonant peak is observed at 1550 nm with a full-width half-maximum (FWHM) linewidth of 40 nm. As the index decreases to 1.219, also reducing the effective cavity size, the resonance blue-shifts to 1435 nm; for an index of 1.419, it red-shifts to 1668 nm. The spectrums are obtained by Fourier-transforming the time-varying electric field between the disks after a dipole source is switched off. For an index change of 0.1, a large wavelength shift of 116.5 nm was estimated. It should be noted that this sensitive cavity to environmental index changes has a subwavelength physical volume of 0.094 3 0 , which indicates an ability to measure the refractive index change of a tiny amount of analyte. Here, 0 is the free space wavelength of the cavity resonance, i.e., 1550 nm. In order to further miniaturize the size of the plasmonic index sensor, the corresponding radius R, which provides the cavity with the resonant wavelength of 1550 nm, is carefully calculated as the gap thickness decreased from 100 nm to 5 nm, as indicated in Table 1 . It should be noted that, although the wavelength and mode numbers are kept constant, both size parameters of the plasmonic cavity, i.e., thickness and radius, decreased. The resonant wavelength of the plasmonic WGM decreases linearly with decreasing R, as in the conventional disk cavity. In contrast, as gap thickness decreases, the coupling between the SPPs at the two metal surfaces becomes stronger [11] , [14] , increasing the resonant wavelength. It is therefore possible to further miniaturize the plasmonic WGM cavity by decreasing both R and t, as shown in Table 1 , while keeping the resonant wavelength constant [11] . In addition, the mode profiles and the resonant spectra are also kept same.
Sensitivity and FOM in Ultrasmall Refractive Index Sensor
As a result, the physical volume of the gap layer, considered the minimum volume of the analyte required for the analysis, reduces dramatically with decreasing thickness (blue curve in Fig. 3) . Here, the physical volume is obtained by calculating R 2 t for the plasmonic WGM cavities in the Table 1 . For a cavity with ðR; tÞ ¼ ð1058 nm; 100 nmÞ, the physical volume is 0.094 3 0 , 0.35 m 3 . As the thickness decreases to 5 nm (the corresponding R is 435 nm), the physical volume decreases to 0.00080 3 0 , 0:0030 m 3 ¼ 3:0 attoliter, which is the lowest sensing volume ever reported [6] . Insets above the top axis of Fig. 3 show the scaled schematic cavities.
On the other hand, in order to use a cavity as resonant index sensor, two parameters should be considered, i.e., the sensitivity to the index change and the spectral resolution. Because the spectral resolution is determined by the resonance linewidth, the Q factor, which is inversely proportional to the resonance linewidth ðÁ FWHM Þ, is investigated as a function of the gap thickness of the plasmonic WGM cavities (the black curve of Fig. 3) . The Q factor increases as the thickness decreases from 100 nm to 20 nm and then decreases as the thickness decreases further. For a plasmonic WGM cavity with ðR; tÞ ¼ ð744 nm; 20 nmÞ, the Q factor has a maximum value of 105, giving a minimum linewidth of 14.8 nm. The physical volume of the gap layer is 0:0093 3 0 ¼ 0:035 m 3 ¼ 35 attoliter, 10 times smaller than the cavity with (1058 nm, 100 nm) and 100 times smaller than the cube of the free space wavelength. Therefore, the plasmonic WGM cavity enables the measurement of deep subwavelength-scaled volumes of analyte (35 attoliter) with relatively sharp linewidth (14.8 nm) .
In order to understand the Q factor dependence on the gap thickness, Q factors due to the two types of cavity losses are investigated separately in Fig. 4 . In the metallic cavity, the loss can be divided into optical loss and metallic absorption loss. The optical loss occurs because of the radiation from the cavity to free space, while the absorption loss results from the ohmic loss in the metal. As the gap thickness decreases, Q optical , inversely proportional to the optical loss, increases exponentially from 46 at a thickness of 100 nm to 43 000 at a thickness of 5 nm. Because of a larger effective index for the thinner gap thickness [14] , the radiation loss caused by photon tunneling becomes smaller, allowing Q optical to increase. In contrast to the Q optical , Q absorption decreases linearly with decreasing gap thickness from a value of 260 at a thickness of 100 nm to 65 at a thickness of 5 nm. As the gap thins, the electric-field overlap with the metal becomes larger, resulting in a larger absorption loss.
As a result, total cavity loss is limited by the optical loss when the thickness is greater than 40 nm; as thickness decreases further, absorption loss dominates the total cavity loss. Consequently, Q total , inversely related to the total cavity loss, is limited by the Q optical in thicker gaps and Q absorption in thinner gaps. The offsetting dependences of the two Q factors on the gap thickness cause the maximum Q total value of 105 at a thickness of 20 nm. Because of the increasing Q optical trend for the thinner gap, minimizing absorption loss by methods such as using a hybrid plasmonic mode [15] , [16] or developing lower absorption metals would be useful to enlarge Q total , allowing better spectral resolution of a proposed plasmonic cavity for index sensing.
By reducing the cavity gap thickness and radius carefully, the maximum Q, giving sharpest linewidth, is achieved for a cavity with ðR; tÞ ¼ ð744 nm; 20 nmÞ; the physical volume of the gap layer is 0:0093
On the other hand, in order to use the resonance of a cavity mode for index sensing, a high sensitivity to changes in index of refraction should also be considered. The sensitivity (S), which indicates how sensitively the resonance of a cavity responds, is defined as the ratio between the corresponding wavelength shift and the change in refractive index of the background material. In order to investigate the effects of the cavity miniaturization on the sensitivity, we investigated S as a function of the gap thickness in Fig. 5(a) . In contrast to the Q factor trend for gap thickness, in which the gap thickness has an optimal value for Q factor, interestingly, S remains nearly constant. From 1165 nm/RIU at a thickness of 100 nm to 1152 nm/RIU at 5 nm, S decreased only very slightly, maintaining a high S because of the strong electric-field overlap with the background material. Therefore, the FOM of the proposed plasmonic WGM, which determines the performance of the resonant index sensor to respond toward the index change of the background material [3] , follows the dependence of the Q factor on the gap thickness, as shown in Fig. 5(b) . A high FOM of 80 is achieved for a gap thickness of 20 nm. Here, FOM is defined by the following equation:
Indeed, the plasmonic WGM cavity with ðR; tÞ ¼ ð744 nm; 20 nmÞ has a high Q of 105 (linewidth of 14.8 nm), high S of 1160 nm/RIU, and high FOM of 80. It is remarkable that the resonance of the proposed cavity can respond so strongly to changes in index of refraction of very tiny amounts of analyte, showing the deep subwavelength-scale volume of the analyte, 100 times smaller than the cube of the free space wavelength. Fig. 4 . Quality factors versus the gap thickness. Q total , Q optical , and Q absorption are indicated by black, blue, and red curves, respectively. The radius of the investigated cavity changes as shown in Table 1 . Fig. 6 shows that the linear sensitivity of the plasmonic WGM cavity with ðR; tÞ ¼ ð744 nm; 20 nmÞ is maintained over broad range of the refractive index change from 0.04% to 8.0% of the given refractive index of the background material ðn ¼ 1:319Þ. However, considering the limited linewidth due to the intrinsic absorption loss, the measurable index change is limited to 0.97% of the given background index, as shown in Fig. 6 (dotted line) . On the other hand, the Q factor remained nearly constant over the broad index of refraction range, showing same spectral resolution. In order to improve the plasmonic WGM cavity for the measurement of further smaller refractive index changes, suppression of absorption loss is required to enhance Q in the plasmonic cavity [15] , [16] .
Conclusion
In this paper, we have proposed an ultrasmall plasmonic cavity index sensor based on a doublemetal-disk cavity, in which two silver disks are separated by a gap of 100 nm. A plasmonic TMlike WGM can be excited inside the gap between two disks and the resonance exploited to measure changes in the refractive index of the background material filling the gap layer. The plasmonic cavity can be further miniaturized by carefully reducing the radius and gap thickness while maintaining the 1550-nm resonant wavelength. The cavity with the radius of 744 nm and gap thickness of 20 nm shows the highest FOM of 80, due to a narrow resonance linewidth (14.8 nm) and high sensitivity ðS ¼ 1160 nm/RIUÞ to the index change of the background material. The sensitivity is comparable with the largest value reported for PhC cavities [5] , [6] and two times larger than the previous plasmonic sensor [7] . In addition, the FOM is comparable with those of the previously reported plasmonic sensors [8] , [17] . It is remarkable that a plasmonic cavity has the ability to measure the index change in ultrasmall volume ð0:035 m 3 ¼ 35 attoliterÞ of analyte. In addition, high sensitivity and relatively narrow linewidth are maintained for the large dynamic range of the refractive index change.
